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Summary
During meiotic prophase, homologous chromosomes
engage in a complex series of interactions that ensure
their proper segregation at meiosis I. A central player
in these interactions is the synaptonemal complex
(SC), a proteinaceous structure elaborated along the
lengths of paired homologs. In mutants that fail to
make SC, crossing over is decreased, and chromo-
somes frequently fail to recombine; consequently,
many meiotic products are inviable because of aneu-
ploidy. Here, we have investigated the role of the small
ubiquitin-like protein modifier (SUMO) in SC formation
during meiosis in budding yeast. We show that SUMO
localizes specifically to synapsed regions of meiotic
chromosomes and that this localization depends on
Zip1, amajor building block of the SC. A non-null allele
of theUBC9 gene, which encodes the SUMO-conjugat-
ing enzyme, impairs Zip1 polymerization along chro-
mosomes. The Ubc9 protein localizes to meiotic chro-
mosomes, coincident with SUMO staining. In the zip1
mutant, SUMO localizes to discrete foci on chromo-
somes. These foci coincide with axial associations,
where proteins involved in synapsis initiation are
located. Our data suggest a model in which SUMO
modification of chromosomal proteins promotes poly-
merization of Zip1 along chromosomes. The ubc9
mutant phenotype provides the first evidence for a
cause-and-effect relationship between sumoylation
and synapsis.
Results and Discussion
SUMO Localizes to Meiotic Chromosomes
We have investigated the role of the small ubiquitin-like
protein modifier (SUMO) in the formation of the synapto-
nemal complex (SC) in budding yeast. SUMO becomes
covalently linked to substrate proteins to effect changes
in protein activity, protein-protein interactions, and pro-
tein localization [1]. Using antibodies to the S. cerevisiae
SUMO protein, Smt3, we localized SUMO on surface-
spread meiotic chromosomes. We simultaneously
stained chromosomes with antibodies to Zip1 to identify
nuclei at different stages of meiotic prophase. Zip1
*Correspondence: shirleen.roeder@yale.edulocalizes along the lengths of chromosomes during the
pachytene stage of meiotic prophase [2].
During the zygotene stage of meiotic prophase, when
chromosomes begin to synapse, SUMO localizes to foci
and short linear stretches (Figure 1A). By the pachytene
stage, when chromosomes are fully synapsed, SUMO
localizes along the lengths of synapsed chromosomes
(Figure 1A). SUMO also displays other areas of diffuse
staining in addition to its linear localization along chro-
mosomes. This diffuse pattern is also observed prior
to chromosome synapsis (data not shown) and in vege-
tative cells [3]. The dense, linear stretches of SUMO are
exactly coincident in time and space with Zip1. Little or
no SUMO staining is detected when antibodies are de-
pleted by prior incubation with purified Smt3 protein
(Figure 1B), demonstrating the specificity of antibody
staining.
Synapsis initiates at a few sites along each chromo-
some pair at the onset of the zygotene stage of meiotic
prophase [4, 5]. The Zip2 and Zip3 proteins localize to
the sites of SC initiation and promote Zip1 polymeriza-
tion [4, 5]. In the absence of Zip3, synapsis is delayed
and incomplete; some chromosomes undergo exten-
sive synapsis, whereas others exhibit no SC formation
[5]. In the zip3 mutant, colocalization of Zip1 and
SUMO is extensive, with both proteins colocalizing in
short linear stretches (Figure 1C). Nuclei from synap-
sis-defective mutants, such as zip2 [4], frequently con-
tain polycomplexes, which are ordered aggregates of
SC proteins unassociated with chromosomes [6]. Like
Zip1, SUMO localizes to polycomplexes.
SUMO is the first protein shown to colocalize with
Zip1 specifically to synapsed regions of meiotic chro-
mosomes.
Normal SUMO Localization Depends on Zip1
The pattern of SUMO staining led us to ask whether
SUMO localization to chromosomes depends on synap-
sis. To this end, we stained spread chromosomes from
a zip1 mutant with antibodies to SUMO. We also stained
chromosomes with antibodies to Red1, a component of
the cores of meiotic chromosomes, to identify cells in
meiotic prophase [7]. Linear localization of SUMO was
not observed in zip1; instead, SUMO localized to foci
and accumulated in large aggregates (Figure 1D).
Thus, synapsis, the Zip1 protein, or both are required
for wild-type localization of SUMO to chromosomes.
In the absence of zip1, the axes of paired chromo-
somes are closely connected at a few sites called axial
associations [2]. SUMO foci are seen at these connec-
tion points (Figures 1D and 1E). Components of the syn-
apsis-initiation complex, including Zip2 and Zip3, local-
ize to axial associations [8, 9]. SUMO’s localization to
these sites suggests a role for SUMO in the initiation of
SC formation.
Consistent with the requirement of synapsis for
proper SUMO localization, SUMO is confined to poly-
complexes in spo11, a mutant that fails to initiate meiotic
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1239Figure 1. SUMO Localizes to Synapsed
Chromosomes
(A) Surface-spread nuclei from wild-type mei-
otic cells were stained with antibodies to
SUMO and Zip1. Regions of colocalization
are shown in yellow in the merged images.
The top panels show a zygotene nucleus;
the bottom row shows a pachytene nucleus.
Arrows indicate the unsynapsed nucleolar re-
gion. The rDNA sequences in the nucleolus
do not synapse, and Zip1 is thus excluded
from this region; however, SUMO is found in
the nucleolus. The scale bar represents 1 mm.
(B) Test of specificity of anti-SUMO antibody.
Antibodies to both SUMO and Zip1 were first
incubated with 30 mM yeast Smt3 protein and
then used to stain spread chromosomes from
the wild-type. The third panel shows the
merged image of the nucleus stained with an-
tibodies to SUMO and Zip1 and the nucleus
stained with DAPI. The scale bar represents
1 mm.
(C) Spread meiotic chromosomes from zip3
were stained with antibodies to SUMO and
Zip1. The arrow indicates the polycomplex.
The scale bar represents 1 mm.
(D) Spread meiotic chromosomes from zip1
were stained with antibodies to SUMO and
Red1. The arrow indicates aberrant accumu-
lation of SUMO. The scale bar represents
1 mm.
(E) Individual chromosomes from zip1
spreads were stained with antibodies to
SUMO and Red1. Arrows indicate axial asso-
ciations. Next to each chromosome is a trac-
ing of the chromosome, with Red1 staining
represented in white and SUMO represented
in green. The scale bar represents 1 mm.
(F) A polycomplex from a spo11 nucleus was
stained with antibodies to SUMO and to Zip1.
The scale bar represents 1 mm.
(G) Spread chromosomes from wild-type
cells expressing Zip3-GFP were stained
with antibodies to SUMO and GFP. The top
panels show a zygotene nucleus; the bottom
panels show a pachytene nucleus. The scale
bar represents 2.5 mm.recombination or SC formation (Figure 1F) [10]. SUMO
staining extends beyond the region of Zip1 staining, to
the outside ends of the polycomplex, where the Zip2
protein previously has been localized [8].SUMO Partially Colocalizes with Zip3 Prior to and
during the Pachytene Stage
SUMO’s localization to axial associations led us to ex-
amine the localization of SUMO with Zip3 during meiosis
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1240Figure 2. A ubc9 Mutant Exhibits Decreased Sporulation and Inefficient Synapsis
(A) Nuclear divisions in wild-type (BR1919) and ubc9-t were monitored, and multinucleate cells were counted at different time points. Shown are
the percents of cells that have undergone one or both nuclear divisions (n = 100 for each strain at each time point).
(B) Spread chromosomes from wild-type and ubc9-t were assessed for the extent of Zip1 staining. The percent of cells exhibiting linear Zip1
staining is graphed versus time (n = 100 for each strain at each time point).
(C) Spread chromosomes from ubc9-t stained with antibodies to Zip1 and SUMO. The nucleus shown in the top panel was spread at an early time
point (15 hr), and the nucleus in the bottom panel is from a later time point (21 hr). The arrow indicates a polycomplex. The scale bar represents
5 mm.
(D) Western blot anlysis of extracts from wild-type and ubc9-t cells harvested at 15, 18, and 21 hr after the introduction into sporulation medium
and stained with antibodies to SUMO. The arrow indicates unconjugated SUMO. Blots were also stained with antibodies to tubulin, as a loading
control.
(E) Tetrads were dissected, and markers on chromosomes III (HIS4, LEU2 and MAT) and VIII (ARG4 and THR1) were scored to measure recom-
bination. AG-test of heterogeneity was used to confirm that the increase in genetic recombination observed in ubc9-t is significant [22] for HIS4-
LEU2 (p < 13 1023), LEU2-MAT (p < 53 1026), and ARG4-THR1 (p < 13 1024). Asterisks indicate statistically significant differences between the
wild-type and mutant. nR 100 for wild-type tetrads, and nR 200 for ubc9-t tetrads.
(F) The appearance of crossover products was monitored physically in wild-type and ubc9-t. Abbreviations are as follows: L, linear chromosome
III; R1, dimeric crossover product; R2, trimeric crossover product.
(G) Physical recombinants in (F) were quantified at each time point and plotted as a percentage of total DNA.in the wild-type. Early in prophase (Figure 1G), when
SUMO localizes to foci as well as short linear stretches,
SUMO partially colocalizes with Zip3: Sixty-two percent6
8% of Zip3 foci overlap with SUMO staining (foci and
short linear stretches). At the pachytene stage, when
SUMO staining is linear, Zip3 staining persists as foci
on chromosomes (Figure 1F). The early colocalization
of SUMO and Zip3 provides further evidence that
SUMO is involved in synapsis initiation.
Sumoylation Is Important for Timely Synapsis
If SUMO is involved in SC initiation, then a mutant defec-
tive in sumoylation should be defective in synapsis. This
is indeed the case. Ubc9 is an E2 enzyme required for
conjugation of SUMO to substrates. It is the only SUMO
E2 in yeast and is essential for cell viability [11]. A UBC9
allele (ubc9-t) in which sequences encoding green
fluorescent protein (GFP) are inserted at the 30 end of
the coding region leads to meiotic defects but has no
effect on the rate of vegetative growth. A diploid homozy-
gous for ubc9-t undergoes meiotic division at 50% of thewild-type level (Figure 2A) and exhibits 75% spore viabil-
ity (compared to 92% in wild-type). These defects are
not observed in a strain heterozygous for ubc9-t.
Synapsis in ubc9-t is delayed significantly relative to
that in the wild-type (Figure 2B). The percent of cells
with fully synapsed chromosomes (i.e., linear Zip1 local-
ization) peaks at 18 hr in the wild-type. At 18 hr in ubc9-t,
Zip1 localizes primarily to foci and short linear stretches.
Similar to Zip1 staining, SUMO staining is also found in
foci and short linear stretches (Figure 2C). At late times
in ubc9-t, chromosomes do eventually synapse
(Figure 2C), at least in some nuclei. Polycomplexes are
frequently seen in spread nuclei from ubc9-t, consistent
with a defect in localizing Zip1 to chromosomes. In con-
trast to the situation in zip3 and spo11, however, SUMO
does not localize to Zip1-containing polycomplexes in
ubc9-t. The delay in synapsis and accumulation of poly-
complexes seen in ubc9-t suggest that sumoylation is
important for normal SC formation.
Analysis of total meiotic proteins by Western blot with
anti-SUMO antibodies reveals an overall decrease in
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1241Figure 3. Ubc9 Localizes to Meiotic Chromosomes
(A) Surface-spread nuclei from wild-type cells were stained with
antibodies to Ubc9 and Zip1. Regions of colocalization are shown
in yellow in the merged images. The top panels show a zygotene
nucleus; the bottom row shows a pachytene nucleus.
(B) Spread chromosomes from wild-type were stained with anti-
bodies to SUMO and Ubc9. The scale bar represents 5 mm.
(C) Test of specificity of Ubc9 antibodies. Antibodies to both Ubc9
and Zip1 antibodies were first incubated with 30 mM yeast Ubc9
protein and were then used to stain spread chromosomes fromSUMO-conjugates in the ubc9-t mutant (Figure 2D).
Perhaps sumoylation of multiple proteins promotes
synapsis; in the mutant, these proteins might be under-
sumoylated such that synapsis cannot proceed effi-
ciently. Alternatively, sumoylation of a single protein
might promote synapsis, and modification of this pro-
tein may be particularly affected in ubc9-t.
Because early steps in recombination are required for
SC formation in yeast [3], the defect in synapsis in ubc9-t
could result from an underlying defect in meiotic recom-
bination. To investigate this possibility, we measured
crossing over by using both genetic and physical as-
says. Crossing over is significantly increased in all three
intervals examined by tetrad analysis (Figure 2E). How-
ever, in a physical assay for recombination between cir-
cular and linear versions of chromosomes III, crossovers
were not increased relative to those in the wild-type (Fig-
ures 2F and 2G). The apparent increase in recombina-
tion as assayed genetically may reflect a selection for
the subset of cells that completed sporulation and pro-
duced viable spores. Regardless of the reason for the
difference between the genetic and physical data, these
results indicate that a defect in recombination cannot
account for the defect in synapsis in ubc9-t.
Ubc9 Localizes to Meiotic Chromosomes
If sumoylation promotes synapsis, then Ubc9 would be
expected to localize to the SC. We used a commercially
available monoclonal antibody raised to human Ubc9 to
localize Ubc9 on yeast meiotic chromosomes. Ubc9
localizes to foci and short linear stretches during the
zygotene stage of meiotic prophase (Figure 3A). At the
pachytene stage, Ubc9 localizes along the lengths of
synapsed chromosomes, coincident with Zip1 (Fig-
ure 3A) and SUMO (Figure 3B).
We confirmed the specificity of the hUbc9 antibody
for yeast Ubc9 by showing that yeast Ubc9 protein puri-
fied from bacteria competed with the antibody in the
staining cocktail. In the presence of the yeast protein,
staining for Ubc9 is abolished, but Zip1 staining is unaf-
fected (Figure 3C).
At early times in meiosis, Ubc9 partially colocalizes
with Zip3 foci (Figure 3D). Colocalization between Zip3
and Ubc9 was measured for zygotene nuclei in which
Ubc9 localizes predominantly to foci: 64% 6 16% of
the wild-type. The third panel shows the merged image of the nu-
cleus stained with antibodies to Ubc9 and Zip1 and the nucleus
stained with DAPI. The scale bar represents 5 mm.
(D) Spread chromosomes from cells expressing Zip3-GFP were
taken at different time points and stained with antibodies to Ubc9
and GFP. The far right panel shows the Ubc9 and Zip3 images
merged. The scale bar represents 5 mm.
(E) Spread meiotic chromosomes from ubc9-t were stained with an-
tibodies to Ubc9 and Zip1. White arrows indicate the polycomplex.
The scale bar represents 1 mm.
(F) Spread chromosomes from a zip3 nucleus were stained with an-
tibodies to Ubc9 and Zip1. The merged image is shown in the last
panel, where chromosomes were also stained with DAPI (in blue).
White arrows indicate the polycomplex. The scale bar represents
5 mm.
(G) Spread meiotic chromosomes from zip1 were stained with anti-
bodies to Ubc9 and Red1. The scale bar represents 5 mm.
(H) A polycomplex from a spo11 nucleus was stained with antibodies
to Ubc9 and to Zip1. The scale bar represents 1 mm.
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Zip3 foci colocalize with Ubc9 foci.
The ability to localize Ubc9 allowed us to assess the
possibility that the synapsis defect of ubc9-t is due to
a failure to localize the mutant protein to chromosomes.
The Ubc9-t protein does localize to meiotic chromo-
somes (Figure 3E), and this localization is coincident
with Zip1 staining, as is the case in the wild-type.
Ubc9-t is also found in polycomplexes. Thus, the
ubc9-t defect appears to be downstream of chromo-
somal localization.
Localization of Ubc9 to the SC has also been ob-
served in mice [12]. In this case, however, staining was
punctate and colocalized with Rad51 foci, rather than
being distributed along the lengths of chromosomes.
The hamster Ubc9 protein interacts with the meiosis-
specific chromosomal-core protein, Cor1 [13].
Proper Localization of Ubc9 Depends on Zip3
and Zip1
Bioinformatic analyses have revealed that the Zip3 pro-
tein has a RING finger motif and raised the possibility
that Zip3 is an E3 ligase [14]. The E3 proteins promote
conjugation of the posttranslational modifiers SUMO
and ubiquitin to their substrates [6]. This led us to ask
whether deletion of ZIP3 has an effect on Ubc9 localiza-
tion. In a zip3 mutant, Ubc9 appears to be confined to
polycomplexes (Figure 3F). In the short stretches of SC
that are formed, Ubc9 cannot be detected, indicating
that Zip3 is required for normal localization of Ubc9 to
chromosomes (Figure 3F). Even though Ubc9 does not
localize detectably to the SC in zip3, SUMO is present
in synapsed regions (Figure 1B). Perhaps proteins mod-
ified elsewhere in the cell are able to localize to chromo-
somes and promote limited SC assembly. Alternatively,
Ubc9 may be present on chromosomes in the zip3
mutant at a level below the threshold of detection.
The Zip1 protein is also required for wild-type localiza-
tion of Ubc9 to chromosomes. In a zip1 mutant, Ubc9 is
apparent only at a few foci on chromosomes. Linear
stretches of Ubc9 staining were not detected (Figure 3G).
Zip1 may be required for localization or stabilization of
Ubc9 on chromosomes, or both, consistent with the
lack of linear SUMO staining seen in zip1 mutants.
To determine the pattern of localization of Ubc9 within
polycomplexes, we stained spreads from spo11 for
Ubc9 and Zip1. Ubc9 staining in polycomplexes is also
similar to the pattern of SUMO staining and extends
throughout the polycomplex beyond the central region
of Zip1 staining (Figure 3H).
SUMO’s Role in Synapsis
In this paper, we identify SUMO as a novel component of
the SC. The protein localizes to synapsed regions, and
localization of SUMO along the lengths of meiotic
chromosomes is dependent on Zip1, a major structural
component of the SC. SUMO itself seems to be re-
quired for normal formation of the SC; a mutant in the en-
zyme responsible for sumoylation is defective in SC
formation (Figures 2B and 2C) [11]. This leads us to pro-
pose an interdependence of sumoylation and synapsis,
whereby SUMO contributes to SC assembly but also re-
quires SC assembly for its own potentiation along the
chromosome.Like Zip2 and Zip3, SUMO foci are found at axial asso-
ciations. Several observations suggest that Zip3 recruits
Ubc9 to the sites of SC initiation and thereby promotes
efficient SC elongation. First, as noted above, sequence
analysis raises the possibility that Zip3 is an E3 ligase
[14]. Second, studies conducted in the laboratory of
Ting-Fang Wang (personal communication) have dem-
onstrated that Zip3 has SUMO E3 activity in vitro and
shown that deletion of Zip3 alters the profile of sumoy-
lated proteins in meiotic cells. Third, Zip3 colocalizes
with Ubc9 at the time of synapsis initiation (Figure 3D)
and is required for proper localization of Ubc9 to chro-
mosomes (Figure 3F).
The linear staining pattern of SUMO leads us to favor
the idea that SUMO has a direct effect on synapsis
rather than an indirect role through regulation of recom-
bination. Consistent with this interpretation, the ubc9-t
mutation perturbs synapsis without decreasing recom-
bination. Our attempts to demonstrate SUMO modifica-
tion of the Zip1 protein have been unsuccessful (data not
shown), suggesting that other chromosomal proteins
are modified to promote SC assembly. Several candi-
dates exist among known SUMO targets, including
Top2, Pds5, and Ycs4, all of which are components of
chromosome cores [15–20]. The linear localization pat-
tern of Ubc9 on pachytene chromosomes (Figure 3A)
could reflect a continuing need for sumoylation after
SC assembly. Perhaps modification of core proteins
within the context of the SC affects chromosome com-
paction, sister-chromatid cohesion, or both.
T.-F. Wang and colleagues (personal communication)
have identified a SUMO binding site at the Zip1 C termi-
nus; this site has previously been shown to associate
with the cores of meiotic chromosomes [21]. These re-
sults support a model in which the Zip1 C terminus binds
SUMO associated with components of chromosome
cores and thereby allows Zip1 polymerization. The re-
quirement of Zip1 polymerization for linear SUMO stain-
ing leads us to hypothesize that sumoylation occurs at
the leading edge of Zip1 polymerization and thus allows
for SC elongation.
Supplemental Data
Supplemental Experimental Procedures are available with this arti-
cle online at http://www.current-biology.com/cgi/content/full/16/
12/1238/DC1/.
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